We performed a numerical analysis of the material parameters required for realizing a heat flux sensor exploiting the anomalous Nernst effect (ANE). The results showed the importance of high thermopower of ANE (S ANE ) and small saturation magnetization. This motivated us to investigate the effect of Al substitution of Fe on ANE and found S ANE = 3.4 µV/K in Fe 81 Al 19 because of the dominant intrinsic mechanism. Using this material, we made a prototype ANE-based heat flux sensor on a thin flexible polyimide sheet and demonstrated accurate sensing with it. This study gives important information for enhancing sensor sensitivity.
of two different metallic wires with positive and negative spin-Hall angles. 7) The voltage is proportionally enlarged by elongating the total wire length.
An alternative approach for a heat flux sensor is to use the anomalous Nernst effect (ANE). ANE is a thermoelectric phenomenon that occurs in conductive magnetic materials having a finite magnetization, such as magnetic metals [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and semiconductors, 22) as well as antiferromagnetic materials with a tiny magnetization due to their non-collinear spin structure. 23, 24) The electric field induced by ANE (E ANE ) can be expressed as 25) 
where S ANE is the thermopower of ANE, ∇T is the temperature gradient and M is the magnetization. Eq. (1) indicates that E ANE is perpendicular to the heat flow, as in SSE-based heat flux sensors, so the thermopile structure can also be used to increase the sensitivity of an ANE-based one. In addition, since ANE occurs in the bulk region of the magnetic material that generates a constant voltage (V ANE ) against a constant heat flux density (J Q ), the increase in sensor resistance due to elongating the wire, which increases Johnson noise, can be easily avoided by simply increasing the thickness of the magnetic material without losing V ANE . In this study, we performed a numerical simulation to elucidate the required material parameters for realizing a practical ANE-based heat flux sensor. This analysis led us to investigate the properties of Fe 100−x Al x (Al at.% x = 0 ∼ 32) thin films and find a large S ANE originating from the intrinsic mechanism. Finally, we evaluated the performance of a prototype ANE-based heat flux sensor using the developed Fe-Al thin films on thermally oxidized Si (Si/SiO x ) substrates and flexible polyimide sheets.
Figure 1(a) shows a schematic view of the ANE-based heat flux sensor having a thermopile structure. To obtain a general expression for the sensitivity, we consider a rectangular-shaped sensing area (= L 1 × L 2 ) and laterally connected thermocouples consisting of wires of width w and thickness h. For simplicity, the neighboring wires A and B separated by a distance d are made of the same material having S ANE and thermal conductivity κ. Note that the thermocouple can be made of one material, because the direction of E ANE can be controlled by the direction of M. 11, 26) The sensitivity of the sensor (V ANE /J Q ) is proportional to S ANE , the thermal resistivity (= 1/κ), and the sensing area:
To provide an indication of the parameters required for practical performance, we calculated the S ANE dependence of V ANE /J Q for the case of L 1 = L 2 = 1 cm, w = h = 10 µm, and d ∼ 0 (negligibly small separation between the wires), as shown in Fig. 1(b) . The results indicate that for κ = 10 or 30 W/(m·K), S ANE over 10 µV/K or 30 µV/K is required to obtain a sensitivity comparable with a commercially available SE-based heat flux sensor having a 1 cm 2 sensing area (∼ 10 µV/(W·m −2 ) 27) ). Although this value is higher than the highest S ANE reported so far (∼ 6 µV/K 16, 20) ), the sensitivity can be easily increased by expanding the sensing area (see the dotted line of L 1 = L 2 = 3 cm in Fig. 1(b) ). Besides a high S ANE , a small saturation magnetization (M s ) is also important for the ANE-based heat flux sensor. To maximize V ANE , M must be aligned to the width direction ( Fig. 1(a) ). The magnetic anisotropy field of the material must withstand the demagnetization field (H d ) originating from M aligned to the width direction, which is not its magnetic easy axis. Improving sensitivity by increasing the total wire length will result in narrower wires and lead to larger H d that may degrade the remanent magnetization along the width direction. Fig. 1(c) shows the M s dependence of H d of a wire having a rectangular cross section of h = 10 µm and w = 1, 10, 10 2 , 10 3 , and 10 4 µm, which was calculated using an analytic expression. 28) It shows that M s less than 0.2 or 0.8
T is needed to keep H d less than 0.1 T for w = 10 or 10 2 µm. Thus, a material showing a large ANE originating from its intrinsic Berry curvature that is beyond the positive scaling behavior of S ANE against M s , e.g., Mn 3 Sn 23) or Fe-Ga alloy, 21) would be a good choice. Motivated by a recent report showing strong enhancement of ANE from pure Fe in Fe-Ga alloy, which is due to enlargement of the intrinsic contribution of ANE by Ga substitution, 21, 29) we investigated the effect of Al substitution of Fe on ANE and found a large S ANE in a material with the most abundant elements, which will be beneficial for a mass production. Ar ion milling. The samples were set inside a physical property measurement system where the magnetic field (H) was applied in the out-of-plane direction of the substrate. The ANE measurement used the method described in a previous paper 21) to get a reliable S ANE and S SE .
Fe 100−x Al x thin films with x = 0, 9, 19, 23, and 32 were grown epitaxially on MgO (100) single crystal substrates, and the thickness were 34, 33, 35, 34, and 35 nm, respectively. Figure 2 (a) shows their out-of-plane XRD patterns. Only the (002) peak from the simple bodycentered cubic (bcc) structure was clearly observed. The 2θ angle of the (002) peak was used to calculate the lattice constant, which showed a monotonic increase with increasing x (Fig. 2(b) ).
However, the change in the lattice constant was small, especially when x ≤ 23. The results indicate that random Al substitution of Fe did not cause any structural transformations in these sputtered thin films. In contrast to the tiny structural variation, Al substitution significantly affected the magnetic and transport properties. M s monotonically decreased with increasing Al substitution (Fig. 2(c) ). On the other hand, Al substitution dramatically enhanced both ρ xx and ρ yx , as summarized in Figs. 2(d) -2(f). The anomalous Hall angle tan(θ AHE ) = ρ yx /ρ xx peaked at x = 19 with a value of 5.9 % (Fig. 2(g) ). results from bulk samples, 30) indicating the accuracy of the measurements obtained with our method. S ANE can be separated into two components, S ANE = ρ xx α xy − ρ yx α xx . 22, 31) The second term −ρ yx α xx (defined as S II ) originates from the AHE of the longitudinal carrier flow induced by SE and can be rewritten as −S SE × tan(θ AHE ). On the other hand, the first term ρ xx α xy (defined as S I ) is considered to be the intrinsic term of ANE, since the transverse Peltier coefficient α xy directly converts ∇T into a transverse current, j y = α xy ∇T. Together with the results of the AHE measurement, we were able to derive S I and S II (Fig. 3(b) ), as well as α xy ( Fig. 3(d) ), which also peaks at x = 19. The x dependence of α xy can be partly explained as an enhancement of intrinsic α xy due to Fermi-level shifting by Al substitution, as previously discussed in the case of Fe-Ga alloy. 21) However, the maximum α xy of the Fe-Al thin films is larger than that of Fe-Ga alloy, and currently the reason is not clear. Meanwhile, due to both the larger S II from the larger tan(θ AHE ) and −S SE , and the larger S I from the larger α xy , the maximum S ANE in the Fe-Al thin films is larger than that of the Fe-Ga alloy. The inset of Fig. 3(a) plots S ANE as a function of M s . It shows that S ANE decreases with increasing M s when µ 0 M s > 1.4 T, which is similar behavior to that of Fe-Ga alloy 21) but different from the scaling behavior of various ferromagnetic materials, 23) suggesting that the dominant contribution to ANE is the intrinsic mechanism. Since Fe 81 Al 19 shows the largest S ANE , this composition was used in the prototype ANE-based heat flux sensor. To verify the properties of polycrystalline To make the ANE-based heat flux sensor, Fe-Al thin films on Si/SiO x substrates and 25-µm-thick polyimide sheets were patterned into parallel wires, followed by formation of Au electrodes to connect the wires in series. The structure of the Fe-Al/Au thermopile was the same as the one in Fig. 1(a) , except that only half the wires were made of magnetic material while the other half were for connection and had no ANE, forming so-called unileg thermocouples. The setup to evaluate the sensitivity is shown in Fig. 4(a) . A clear hysteresis-like loop of the voltage due to the ANE of the Fe-Al wires was observed ( Fig. 4(b) ). The magnitude of V ANE scaled with the heater input voltage. V ANE at H = 130 mT and in the remanent state (0 mT) is plotted in Fig. 4(c) of V ANE were observed as a function of H ( Fig. 4(d) ), but with better squareness than the ones from the sample on Si/SiO x substrate. V ANE at H = 100 mT and in the remanent state showed a good linear relationship with J Q , as exhibited by the linear fittings through the origin in Fig. 4(e) . The sensitivity was 0.020 µV/(W·m −2 ) at H = 100 mT, half that of the Fe-Al/Au thermopile on Si/SiO x substrate at H = 130 mT, mainly due to the difference in the number of Fe-Al wires. In the remanent state, the sensitivity decreased to 0.014 µV/(W·m −2 ), which is a much smaller decrease compared with Fig. 4(c) . This is partly due to the Fe-Al wires having a larger w, hence, a smaller H d . κ of the material can be estimated using Eq. (2) and a known sensitivity, together with the S ANE and the geometry of the thermopile. Using a sensitivity of 0.020 µV/(W·m −2 ) ( Fig. 4(e) ) and S ANE = 3.1 µV/K for polycrystalline Fe 81 Al 19 (Fig. 3(b) ),
we estimated κ to be ∼16 W/(m·K), which is comparable to the bulk Fe-Al alloy value, 30) thus verifying the sensitivity measured with our setup. The sensitivity of the ANE-based heat flux sensor was more than one order of magnitude higher than the SSE-based one, 6) although it was still two to three orders lower than the commercially available heat flux sensor having the same 1 cm 2 sensing area. However, we can greatly increase the sensitivity from that of the prototype, e.g., by increasing the density of the wires (by reducing w and d), replacing
Au with a different magnetic material having S ANE with opposite sign, increasing the area of the sensor, etc. In addition, more suitable magnetic materials having larger S ANE and smaller M s may emerge and lead to an adequate sensitivity in the remanent state. It is also worth mentioning that the prototype sensor on the flexible polyimide sheet had a very low thermal insulance, ∼10 −4 m 2 ·K/W, i.e., one order of magnitude smaller than that of commercially available heat flux sensor, mostly due to the thin polyimide sheet.
In summary, our numerical analysis showed the importance of high S ANE and small M s in magnetic materials to realize a practical ANE-based heat flux sensor. This suggests that the intrinsic mechanism arising from the Berry curvature is a key to enhancing ANE and overcoming the scaling law of S ANE against M s . We found that Al substitution largely enhances the intrinsic contribution of ANE in Fe due to Fermi level tuning and leads to a large S ANE = 3.4 µV/K in Fe 81 Al 19 . Finally, we demonstrated heat flux sensing using a prototype ANE-based heat flux sensor made from Fe 81 Al 19 thin films on a flexible substrate.
Although there remains much room to improve the sensitivity, this study presented important information for future development of ANE-based heat flux sensors.
